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One of the early studies 1 related oxygen usage to the diastolic volume of the ventricle; one of the more recent studies 2 related it to the area under the systolic portion of the aortic pressure curve. In addition, attempts (with varying degrees of success) have been made to relate the oxygen usage per heart beat of the left myocardium to its stroke work, the mean arterial blood pressure, left A'entricular filling pressure or mean atrial pressure, tension within the myocardial wall, oxj-gen tension within the myocardium, action of local metabolites and vasodilating substances, and to other parameters. 3 The occasion for this editorial and four associated manuscripts from the laboratories of Braumvald, Katz, and Sarnoff, is the consideration of the possibility of another controlling influence on myocardial oxygen usage. The view has long been held that change in coronary perfusion pressure cannot of itself alter myoeardial metabolism. that did not support this view. 4 In this investigation in the open-chest dog, the left coi'onary artery was perfused with arterial blood at body temperature from a constant pressure reservoir. Left coronary inflow was quantitated with a rotameter. Flow in the coronary sinus was measured by a second rotameter connected on one side to a tube tied into the coronary sinus, and on the other side joined to a plastic tube opening into the superior cava or to the atmosphere. The oxygen saturations of the coronary sinus blood and of the systemic arterial blood were recorded by withdrawing continuously small aliquots of the respective bloods at a constant rate through recording densitometers. 5 Measurements were also made of systemic arterial, coronary perfusion pressure and left ventricular end diastolie pressure or left atrial pressure by strain gauges, and of cardiac output by a rotameter in the aorta. Tn some experiments, the systemic venous return bypassed the right heart so as to make available the coronary venous blood not draining into the coronary sinus. This blood was collected in a graduate, and its oxygen saturation or content determined with the Bcckman or A r an Slyke technique. Measurements of these parameters were made, first, when coronary perfusion pressure was at the control level, and then, when the perfusion pressure was abruptly or gradually altercel by 5 to 35 mm Hg.
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These experiments showed that alteration of left coronary artery perfusion per se resulted in a corresponding directional change in coronary blood flow and oxygen usage of the left ventricle (left coronary flow X coronary arteriovenous oxygen difference), while other relevant hemodynamic measurements such as heart rate, cardiac output, aortic blood pressure, and left ventricular end diastolic pressure did not necessarily change. The duration of the observation was necessarily short (0.5 to 3 minutes) because of the difficulty in maintaining constant hemodynamic conditions. The relationship was found in almost all of 70 observations in 11 dogs, the magnitude of the change varying from zero to 200%. Additional exploratory experiments were done in two isolated dog hearts with cannulated and blood-perfused right and left coronary arteries and with empty beating ventricles. These also showed a positive relationship between coronary perfusion pressure or coronary flow and oxygen usage by the myocardium which lasted many minutes.
Various possible explanations that could be explored were tested experimentally. A first possibility was that with elevation of left coronary perfusion pressure, the fraction of left coronary inflow not draining into the coronary sinus could be increased relatively in oxygen content and volume. Experimental observations did not support such an occurrence. Actually, in the first few seconds during increased coronary perfusion pressure, the percentage of left coronary inflow draining through the coronary sinus decreased only slightly for 4 to 5 seconds and then returned to the control ratio. Also, the same directional trends in calculated oxygen uptake were found in the same experiment, when calculations were based either on measured coronary sinus flow, total left coronary venous drainage, or total coronary venous flow including right coronary drainage, the respective flow in each case being multiplied by the difference between its oxygen content and that in the left coronary artery.
A second possibility was that with the ele-vated coronary perfusion pressure, blood more highly reduced than that in the coronary sinus could be flushed into the sinus from regions of the left myocardium less wellperfused than others. To test this, the oxygen content of the coronary sinus blood in the control state was deliberately reduced to 2 to 3 ce per 100 cc either by maintaining a high myocardial metabolic level, or by maintaining coronary perfusion pressure at a lower level than aortic pressure. In these instances, an increase in coronary perfusion pressure elevated significantly the oxygen uptake.
A third possibility was that plasma substances which stimulated myoeardial metabolism could be forced into the myocardium in increased amounts with elevation of perfusion pressure. To test this, the effect of increased coronary perfusion pressure on oxygen uptake was observed successively in the same experiment when the coronary perfusate was (a) whole blood, (b) washed red cells from the preceding blood suspended in Locke's solution, and (c) washed red cells in dextran solution. All perfusates were made up to the same hematocrit. Bach was effective in increasing the oxygen uptake.
This observation of change in oxygen uptake with alteration of coronary perfusion pressure was, therefore, believed to be a true functional response of the myocardium. At the time, the view was held (without experimental proof) that alteration of coronary arterial perfusion pressure itself, which preceded all other changes, could change the stretch of the myocardial fibres during both systole and diastole and thus affect their contractility and oxygen usage. Actually, the identity of the mechanism, its mode of initiation, and its physiological significance, if any, remained to be determined.
This work was highly controversial and the observation has been variously called "Gregg's phenomenon," or "Gregg's folly." However, during the past few years it has led to considerable experimentation, a portion of which forms the basis for these communications. These papers are essentially those submitted routinely for consideration in Circulation Research during the last year or so, and represent, therefore, only a fraction of the work going on in this field. They have been assembled as a package to minimize polemics and to enable the interested reader to examine simultaneously the different experimental viewpoints of competent investigators in this field.
The original experiments showing this relationship in the open-chest dog with the circulation essentially intact, and with the heart performing external work, have not been repeated. The data presented in the four papers would appear, however, to establish the fact that myocardial oxygen usage depends upon coronary perfusion pressure or coronary flow under some additional conditions, but not under others. In the experiments of Kahler et al. the myocardial oxygen usage varied directly with the coronary blood flow over a wide range of flow in the isolated beating dog heart, or in the heart whose systemic circulation was maintained on cardiopuhnonary bypass. In both instances, the coronary arteries were perfused from a pump system while the ventricles were empty, developed no pressure, and performed no external work. This relationship was also observed by Weisberg et al. in the heart on cardiopulmonary bypass in which the left ventricle worked against a fluid-filled latex balloon whose end diastolic pressure and volume were kept constant. However, no consistent alteration of oxygen usage occurred with change of coronary blood flow in the bypassed heart or in the isolated supported heart (Ross et al., Sarnoff et al.) , both performing a constant amount of external work, unless, in the latter preparation, left ventricular end diastolic pressure was made to rise considerably by deliberate reduction in left coronary inflow.
Thus, the oxygen usage of the nonworking heart, either isolated or on systemic bypass is found to be coronary pressure or coronary flow dependent, whereas in the working heart this relationship is variable. In view of the different preparations used, the different parameters controlled and/or measured, and our rather limited knowledge of the determinants of myocardial oxygen usage, these differences are not surprising.
In addition to the possible mechanisms mentioned earlier, there are a number of others with which the oxygen usage might be causally related in the various experiments. A minimum list might include: the changing oxj'gen usage of the heart doing no external work, i.e., the empty beating heart or the asystolic heart, 6 opening up of new capillaries and alteration of the capillary diffusion surface for oxygen, utilization of myoglobin, presence of red cell stimulating substances, and varying degrees of anerobic metabolism induced by failure to irrigate adequately all or portions of the myocardium, or the appearance of a failing heart.
Some of these possibilities are considered in the respective papers. Unfortunately, most are not amenable to critical experimental testing. It is of considerable interest in the investigations of Weisberg et al. on the isolated heart, with the left ventricular volume and end diastolie pressure maintained constant, that when the oxygen uptake was coronary flow dependent, the oxygen change was associated very often with a like change in the development of left ventricular systolic pressure, indicating an induced change in myoeardial contractility. In addition, preliminary experiments on the isolated, stretched, empty beating heart" indicate that at a constant resting left ventricular tension, a stepwise increase and decrease in coronary blood flow provokes a similar directional change in contractile tension and oxygen usage. This is the mechanism which we believed responsible for the altered oxygen usage observed in our early experiments but for which no proof was advanced.
Elevation of oxj'gen usage with increased coronary perfusion pressure and flow could be related to failure to perfuse adequately some portions of myocardial tissue prior to pressure elevation. This, however, would be very difficult to determine although an estient of the uniformitv of tissue irrigation GREGG might be obtained with use of tracers. That some form of heart failure is a necessary prerequisite to oxygen usage being eoronary pressure or coronary flow dependent, could also be entertained. The experiments of Sarnoff et al. suggest this in the isolated working heart in which the left ventricular end diastolic pressure may rise, but in the open-chest dog this pressure did not change significantly, while in the experiments of Braunwald et al. using the nonworking heart, it would be difficult to make a case for heart failure as the causative mechanism because of the mechanical and chemical characteristics of this situation. Here, in the control state the ventricular pressure is zero, the coronary flow and oxygen supply are well above the metabolic requirements, while during coronary perfusion pressure elevation the sustained 200 to 300% increase in oxygen usage is of an order of magnitude far above any oxygen change attributable to an oxygen debt. It must be admitted, however, that if arteriovenous shunts function significantly in some of these preparations, the nutrition of the heart could well be impaired despite the high coronary flow and oxygen supply. For example, in the experiments of Sarnoff et al. 2 left ventricular end diastolic pressure was significantly elevated despite a coronary flow of about 110 cc/min. Unfortunately, the role that such channels play has not been investigated.
With present methodologies, it is not believed possible to decide whether these or some other variables cause the change in myocardial oxygen usage with alteration in coronary perfusion pressure' and coronary blood flow. Irrespective of the mechanism, however, the usefulness or application of these observations to naturally occurring situations would seem to be somewhat remote. These studies were made under abnormal states with varying degrees of departure from the nor-mal. The}were all performed under the influence of anesthesia, surgery, and trauma of vessels, blood and tissues, and without benefit of a pericardium. The isolated working or nonworking heart, or the heart on cardiopulmonary bypass was characterized by a very low coronary resistance, for the coronary flow was very high and the oxygen extraction very low. Finally, it would seem unlikely that change in coronary perfusion pressure or coronary flow could occur as a primary event before metabolic activation of the heart. On the other hand, the fact that myocardial oxygen usage is coronary perfusion pressure dependent in some preparations should make the investigator very cautious in interpreting data obtained in the presence of an uncontrolled perfusion pressure.
